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a b s t r a c t
Jellyﬁsh eggs neither undergo apparent cortical reaction nor show any signiﬁcant change in the membrane
potential at fertilization, but nevertheless show monospermy. Utilizing the perfectly transparent eggs of the
hydrozoan jellyﬁsh Cytaeis uchidae, here we show that the polyspermy block is accomplished via a novel
mechanism: a collaboration between Ca2þ and mitogen-activated protein kinase (MAPK). In Cytaeis, adhesion
of a sperm to the animal pole surface of an egg was immediately followed by sperm–egg fusion and initiation
of an intracellular Ca2þ rise from this site. The elevated Ca2þ levels lasted for several minutes following the
sperm–egg fusion. The Ca2þ rise proved to be necessary and sufﬁcient for a polyspermy block, as inhibiting a
Ca2þ rise with EGTA promoted polyspermy, and conversely, triggering a Ca2þ rise by inositol 1,4,5-
trisphosphate (IP3) or excess Kþ immediately abolished the egg’s capacity for sperm–egg fusion. A Ca2þ rise
at fertilization or by artiﬁcial stimulations evoked dephosphorylation of MAPK in eggs. The eggs in which
phosphorylated MAPK was maintained by injection of mRNA for MAPK kinase kinase (Mos), like intact eggs,
exhibited a Ca2þ rise at fertilization or by IP3 injection, and shut down the subsequent sperm–egg fusion.
However, the Mos-expressing eggs became capable of accepting sperm following the arrest of Ca2þ rise. In
contrast, addition of inhibitors of MAPK kinase (MEK) to unfertilized eggs caused MAPK dephosphorylation
without elevating Ca2þ levels, and prevented sperm–egg fusion. Rephosphorylation of MAPK by injecting Mos
mRNA after fertilization recovered sperm attraction, which is known to be another MAPK-dependent event,
but did not permit subsequent sperm–egg fusion. Thus, it is possible that MAPK dephosphorylation irreversibly
blocks sperm–egg fusion and reversibly suppresses sperm attraction. Collectively, our data suggest that both
the fast and late mechanisms dependent on Ca2þ and MAPK, respectively, ensure a polyspermy block in
jellyﬁsh eggs.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Eggs of most animal species accept only a single sperm at
fertilization to become a diploid zygote (a fertilized egg); this
mechanism, known as polyspermy block, facilitates the success of
subsequent development. In general, the polyspermy block is thought
to be ensured by twomechanisms, which can be classiﬁed as a fast but
transient block and a late but permanent block (Gould and Stephano,
2003; Whitaker, 2006; Wong and Wessel, 2006; Spielman and Scott,
2008). In a variety of animals, a fertilizing sperm rapidly opens ion
channels in the egg plasma membrane to produce changes in the
membrane potential (depolarization or hyperpolarization), preventing
other sperm from fusing with the egg (Jaffe, 1976; Gould-Somero et al.,
1979; Goudeau and Goudeau, 1989; Goudeau et al., 1994; Iwao, 2000;
Gould and Stephano, 2003). In sea urchins and many other marine
species, Naþ inﬂux is chieﬂy responsible for the depolarization, and
insemination in low-Naþ seawater frequently results in polyspermy
(Gould-Somero et al., 1979; Finkel and Wolf, 1980; Jaffe, 1980; Eckberg
and Anderson, 1985; Togo et al., 1995; Gould and Stephano, 2003).
The fast electrical block is often followed by changes in the
physical/chemical properties of the egg’s extracellular matrix (egg
coat), serving as a robust and permanent polyspermy block (Gould
and Stephano, 2003; Wong and Wessel, 2006; Wessel and Wong,
2009; Liu, 2011; Avella et al., 2013). These late mechanisms include
the formation of the fertilization membrane in sea urchin eggs and
modiﬁcation of the zona pellucida in mammalian eggs, both of
which are known to be caused by cortical granule exocytosis
induced by a rise in intracellular free Ca2þ at fertilization
(Ducibella et al., 1993; Ben-Yosef and Shalgi, 1998; Tsaadon et al.,
2006; Whitaker, 2006; Wessel and Wong, 2009; Liu, 2011). In
addition, the plasma membrane itself is gradually modiﬁed,
independent of membrane potentials, to prevent polyspermy
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in fertilized eggs of several marine invertebrates (Gould and
Stephano, 2003) and mammals (Gardner and Evans, 2006). Recent
studies in mouse eggs have suggested that Ca2þ rises at fertiliza-
tion make a partial contribution to this non-electrical plasma
membrane polyspermy block (Gardner et al., 2007a, b), but the
regulatory mechanism remains largely unknown.
Jellyﬁsh, as well as Hydra, are members of the phylum Cnidaria,
one of the basal prebilaterian phyla of the animal kingdom (Dunn
et al., 2008; Philippe et al., 2009; Houliston et al., 2010). Mature
jellyﬁsh eggs, like sea urchin eggs, remain arrested in a G1-like
pronuclear stage until fertilization (Masui, 1985; Freeman and
Ridgway, 1993). As in higher animals (Stricker, 1999; Miyazaki,
2006; Kashir et al., 2013), fertilization of jellyﬁsh eggs evokes a
Ca2þ rise that is initiated from the site of sperm–egg fusion and
dependent on Ca2þ release from IP3-sensitive Ca2þ stores
(Deguchi et al., 2005). The Ca2þ rise causes dephosphorylation
and inactivation of mitogen-activated protein kinase (MAPK) in
eggs of the jellyﬁsh Cladonema paciﬁcum, and the MAPK depho-
sphorylation in turn triggers cell cycle progression from G1 to
S-phase (Kondoh et al., 2006). The Ca2þ-mediated MAPK depho-
sphorylation is also responsible for the downregulation of sperm
attraction after fertilization (Kondoh et al., 2006).
Jellyﬁsh eggs generally lack the ﬁrm vitelline membrane, and the
plasmamembrane is covered with only a thin jelly layer (Freeman and
Miller, 1982; Yamashita, 1987). Despite the absence of external
structures, the sperm–egg fusion site in jellyﬁsh eggs is restricted to
the plasma membrane of the animal pole just above the female
pronucleus (5–10 μm in diameter) (Dan, 1950; Freeman and Miller,
1982; Freeman and Ridgway, 1993; Freeman, 1996), where microvilli
are particularly absent (Yamashita, 1987). The spatial restriction of the
fertilization site, as well as the downregulation of sperm attraction
after fertilization, is believed to contribute to a polyspermy block in
jellyﬁsh eggs (Gould and Stephano, 2003). Unlike teleost ﬁsh eggs,
where only a single sperm can penetrate through the micropyle
(Webb and Miller, 2013), jellyﬁsh eggs permit multiple sperm to
adhere to the fertilization site following insemination (Miller, 1978).
Moreover, fertilized jellyﬁsh eggs display neither obvious cortical
granule exocytosis (Yamashita, 1987) nor a signiﬁcant change in
membrane potential (Berg et al., 1986). Nonetheless, the fertilization
site on the egg’s surface can accept only a single sperm. Therefore,
jellyﬁsh must possess a mechanism that establishes a non-electrical
plasma membrane block.
In this study, we investigated the polyspermy block mechanism
in jellyﬁsh eggs, focusing on the roles of intracellular Ca2þ and
MAPK. For this purpose, we used Cytaeis uchidae, eggs of which are
perfectly transparent, greatly facilitating the assessment of the
presence or absence of sperm–egg fusion. Our results indicate that
additional sperm–egg fusions are rapidly but transiently pre-
vented by a Ca2þ rise at fertilization, and that this is followed by
a permanent block mediated by MAPK dephosphorylation.
Materials and methods
Jellyﬁsh specimens and gamete handling
Sexually mature female and male jellyﬁsh of Cytaeis uchidae
(Cnidaria, Hydrozoa) were maintained throughout the year, and
eggs and sperm were obtained and handled, as described pre-
viously (Deguchi et al., 2005; Takeda et al., 2006, 2013). Fertiliza-
tion was conducted in ﬁltered seawater (FSW) by adding a sperm
suspension to eggs, with a ﬁnal sperm concentration of
106 sperm/mL. All the experiments were conducted at 21–23 1C.
Since fertilization rates in Cytaeis eggs are highest immediately
following spawning (around the time of completion of oocyte
meiotic maturation) and gradually decrease with time, maturing
oocytes were usually isolated from the ovary following the dark/
light transition (Takeda et al., 2006), so that experimental opera-
tions such as DNA staining and loading of Ca2þ indicators could be
completed before the completion of oocyte meiotic maturation.
Detection of fused sperm nuclei
Maturing oocytes or eggs were incubated with DNA-speciﬁc
Hoechst 33342 dye (Sigma) at 200 μM for 5 min and washed with
fresh FSW before insemination. The inseminated eggs were observed
under a ﬂuorescence microscope (TE-300 or Ti, Nikon) without
ﬁxation to verify the number and position of fused sperm nuclei, to
which the dye ﬂuorescence is transferred (Deguchi et al., 2005). The
examination of fused sperm nuclei was continued for up to 30 min (in
most experiments) or 60 min (in sfMos expression experiments)
following insemination, and in the latter case, a second insemination
was performed at 30 min to compensate for the loss of motile sperm
caused by coverslip adhesion. Photographs and video images were
obtained using a CCD camera (DS-L2, Nikon) and a video camera
recorder (HDR-CX550V, Sony), respectively.
Recording of changes in intracellular Ca2þ
The Ca2þ indicators Fluo-4 (Invitrogen) and Fluo-8H (AAT Bio-
quest) were dissolved in PAH buffer (100mM potassium aspartate and
10mMHEPES, pH 7.0) at 500 μM and 1mM, respectively, and injected
into maturing oocytes, yielding ﬁnal intracellular concentrations of 10–
25 μM. Three different methods for Ca2þ recording and data analysis
were used in this study: (1) ﬂuorescence images of Fluo-4-injected
eggs irradiated with blue light (470–490 nm) were captured with an
EM-CCD camera (ADT-33B, Flovel) and processed using NIH Image
(a public domain image processing software for Macintosh compu-
ters), as described previously (Deguchi et al., 2005; Kondoh et al.,
2006); (2) ﬂuorescence and differential interference contrast (DIC)
images of Fluo-8-injected eggs were simultaneously and separately
obtained using a laser scanning confocal system (C1, Nikon) using a
488-nm laser and analyzed using a built-in software; and (3) ﬂuores-
cence images superimposed on DIC images of Fluo-8-injected eggs
were recorded by a video camera recorder (HDR-CX550V), converted
to movie ﬁles, and further edited.
A Ca2þ rise was artiﬁcially induced in eggs either by injection of
50 μM inositol 1,4,5-trisphosphate (IP3; Dojindo) prepared in PAH
buffer (ﬁnal intracellular concentration: 1–1.25 μM) or by exposure to
KCl/CaCl2 (0.53 M KCl: 0.35 M CaCl2: FSW¼1:1:3). EGTA (Dojindo)
prepared in PAH buffer at 5–50mM was injected into eggs before or
after insemination to prevent or shorten the Ca2þ rise at fertilization.
Nifedipine (Sigma) dissolved in dimethylsulfoxide (DMSO; Nacalai
Tesque) at 50 mM was diluted in FSW to a ﬁnal concentration of
250 μM and used for suppressing the effect of KCl/CaCl2. Stock
solutions of the heavy metal chelators N,N,N0,N0-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN; Dojindo), N,N-diethyl dithiocarbanate
(DDC; Wako), and tetraethylthiuram disulﬁde (TETD; Wako), at
50 mM in deionized water (DW), 20 mM in DW, and 20mM in
DMSO, respectively, were diluted in FSW and applied externally. Low-
Naþ seawater was prepared by mixing Naþ-free seawater (437 mM
choline chloride, 9.2 mM KCl, 9.8 mM CaCl2, 45.8 mM MgCl2, and
10mM Tris; pH 8.0) and FSW (9:1).
MAP kinase analysis
MAPK activity was evaluated by measuring changes in the
phosphorylation status of MAPK. For this analysis, 3–10 eggs
suspended in 2 μL of FSW were added directly to 4 μL of 2 SDS
sample buffer and immediately frozen in liquid nitrogen. After
thawing, the eggs were lysed by vortexing gently and then boiled
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for 15 min. The samples were separated on 10% SDS-poly-
acrylamide gels and processed for immunoblotting, as described
previously (Deguchi et al., 2011). The primary and secondary
antibodies used in this study and their concentrations were as
follows: rabbit polyclonal antibody against MAPK kinase kinase
(Mos) of the starﬁsh Asterina pectinifera (sfMos) (1/500; Tachibana
et al., 2000), rabbit polyclonal antibody against phospho-ERK1/2
(1/500 or 1/1000; Sigma), rat (1/500; AbD Serotec) or mouse (1/
1000; Sigma) monoclonal antibody against α-tubulin, HRP-
conjugated goat anti-rabbit (1/2000; GE Healthcare) or rabbit
anti-rat (1/2000; GE Healthcare) IgG antibody, and alkaline
phosphatase-conjugated goat anti-rabbit (1/2000; DAKO) or goat
anti-mouse (1/2000; Bio Source) IgG antibody. Each antibody was
dissolved either in Can Get Signal Immunoreaction Enhancer
Solution (Toyobo), Signal Enhancer HIKARI (Nacalai Tesque), or
TBS with 0.1% Tween-20.
The mRNA for sfMos was produced based on its nucleotide
sequence. Full-length sfMos complementary DNA was inserted
into the pSP64-S vector (a gift from Dr. Terasaki). mRNAs encoding
sfMos were transcribed from pSP64-S constructs using the mMES-
SAGE mMACHINE kit (Ambion) and dissolved in DW to prepare a
stock solution of 1.14 mg/mL. sfMos mRNA stored at 80 1C was
further diluted in DW and injected into maturing oocytes or
fertilized eggs to a ﬁnal intracellular concentration of 0.4–0.6 or
4–6 μg/mL. The MAP kinase kinase (MEK) inhibitors U0126 (Pro-
mega) and PD184352 (Axon Medchem) were prepared in DMSO at
10 mM, stored at 30 1C, and diluted to a ﬁnal concentration of
50 μM in FSW immediately before use.
Assays for sperm attraction and DNA synthesis
To monitor changes in eggs’ sperm attraction ability, sperm
behavior around a targeted egg was recorded on videotape
(Kondoh et al., 2006). In an image displayed on a screen, square
zones (100 μm100 μm) were set 40 μm and 400 μm away from
the targeted egg, and the number of motile sperm crossing the
sides of each square to enter the inner zone was continually scored
for each 10-s interval by slow-motion replay of videotapes. Sperm
suspension was repeatedly added to the chamber at 5-min inter-
vals to compensate for the loss of motile sperm.
Indirect immunoﬂuorescence, using an anti-BrdU antibody to
detect DNA synthesis, was conducted as previously reported
(Kondoh et al., 2006), with slight modiﬁcations. Following culture
in the continuous presence of 10 mM BrdU (Sigma), eggs were
ﬁxed with 4% paraformaldehyde in FSW for 1 h. The ﬁxed eggs
were permeabilized with 0.25% Triton X-100 (Sigma) in
phosphate-buffered saline (PBS) for 1 h and then incubated in
4 M HCl for 1 h to denature the DNA. BrdU that had been
incorporated into nuclei was detected by sequential incubation
with a mouse anti-BrdU monoclonal antibody (1/100; Sigma) and
Alexa Fluor 488 goat anti-mouse IgG antibody (1/500; Invitrogen).
Specimens were washed with PBS containing Triton X-100 and
ﬁnally mounted on slides without using glycerol. In some speci-
mens, DNA was denatured using 2 M HCl, for simultaneous DNA
detection by staining with 10 nM Hoechst 33258 dye (Sigma) for
10 min.
Results
Monospermic fertilization in intact eggs
We ﬁrst conducted precise analysis of the normal process of
fertilization in Cytaeis eggs using video recordings and nuclear
staining. The high transparence of the eggs enabled us to observe
the behavior of sperm surrounding the egg’s surface in detail
under bright-ﬁeld illumination, using Nomarski optics. Sperm
arriving at the animal pole, the placement of which can be
determined by the presence of polar bodies and a female pronu-
cleus, rubbed their heads against the egg’s surface and then angled
their heads to lie parallel to the egg’s surface (Fig. 1A; see Movie
1 in the Supplementary material). Repeated observations revealed
that this behavior typically occurs within several seconds of the
ﬁrst attachment of a sperm head to the egg’s surface just above the
Fig. 1. Sperm–egg fusion in intact eggs. (A) Sequential DIC images showing the behavior of a fertilizing sperm around the animal pole of an egg (representative of 15 recordings). The
sperm head (arrowhead) adhering to the animal pole leaned to lie parallel to the egg’s surface (from 0.2 s) during the process of sperm–egg fusion. For clarity, each red line is drawn
along one edge of a sperm head. Bar, 5 μm. (B) Sperm nucleus immediately following sperm–egg fusion. The sperm nucleus (arrowhead) became visible in the vicinity of the female
pronucleus (arrows) in the Hoechst 33342-preloaded egg immediately following sperm–egg fusion. The insets showmagniﬁed images of the animal pole. Bar, 50 μm. (C) The number
of sperm fused per egg at normal fertilization. Almost all the eggs resulted in monospermy. Results show means7s.d. of ﬁve separate experiments (13–32 eggs in each experiment).
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female pronucleus (10 μm in diameter). The sperm head behav-
ing in this manner was always stained by the DNA-speciﬁc
Hoechst 33342 dye that had been preloaded into the egg before
insemination (Fig. 1B); the dye transfer had already been recog-
nized immediately after the sperm head was observed to lean into
the egg (see Movie 2). Unfortunately, we were unable to determine
whether the dye transfer is initiated before or during sperm head
leaning, since sperm–egg fusion was prevented by the continuous
UV irradiation. Nonetheless, the above results strongly suggest
that sperm head leaning and sperm–egg fusion occur at approxi-
mately the same time.
Supplementary material related to this paper can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.04.020.
After a single sperm had been incorporated into an egg, neither
sperm–egg adhesion nor fusion occurred (see Movie 3). Conse-
quently, under our experimental conditions, fertilization resulted
in monospermy in almost all the eggs, using a sperm concentra-
tion of 106 sperm/mL (Fig. 1C). It is worth noting that eggs
judged to be monospermic always cleaved to normal 2-cell
embryos (see below), whereas eggs with no detectable sperm
nuclei did not progress to cleavage. Thus, Hoechst dye transfer
may be a reliable method to assess sperm–egg fusion in Cytaeis.
Supplementary material related to this paper can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.04.020.
Following fertilization, the egg’s ability to attract sperm gradu-
ally diminished, although it was not entirely lost at 10 min post-
fertilization, given that the number of motile sperm was higher
close to the egg than in the more distant regions (see Fig. S1A and
B and Movie 4 in the Supplementary material). Male and female
pronuclei fused within 10 min post-fertilization, and the resulting
zygote nucleus migrated deeper into the egg (see Movie 5).
Nuclear envelope breakdown of the zygote nucleus occurred at
45 min post-fertilization, and then the embryo cleaved to two
cells (Movie 5). DNA synthesis in the pre-cleavage zygote nucleus
was monitored by BrdU incorporation (Fig. S2A). During and after
these post-fertilization events, Cytaeis eggs were unable to accept
new sperm, even if exposed to a higher sperm concentration
(2106 sperm/mL) (data not shown), suggesting the establish-
ment of a permanent polyspermy block.
Supplementary material related to this paper can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.04.020.
Ca2þ rise and MAPK dephosphorylation at fertilization
Because intracellular Ca2þ levels and phosphorylation status of
MAPK were predicted to affect post-fertilization events, including
the polyspermy block, we next examined their respective changes
at fertilization in Cytaeis eggs. We selected highly sensitive Ca2þ
indicators, Fluo-4 and Fluo-8H, and assessed the Ca2þ levels by
monitoring the changes in their relative ﬂuorescence intensities.
In Fluo-4- or Fluo-8H-injected eggs, a rise in ﬂuorescence intensity
was initiated at the animal pole, the site of sperm–egg fusion,
and spread to the antipode in a wave-like fashion (Fig. 2A). The
elevated Ca2þ levels lasted for several minutes before returning
nearly to the basal values (Fig. 2B). These results are essentially
identical to data previously obtained using a less sensitive Ca2þ
indicator (Deguchi et al., 2005).
To precisely determine the initiation time of the sperm-
induced Ca2þ wave, we simultaneously recorded sperm behavior
and intracellular Ca2þ levels at the animal pole. The Ca2þ rise was
initiated at almost the same time that the sperm head leaned into
the egg’s surface (Fig. 2C; see Movie 6). The earliest initiation of
the Ca2þ wave was detected at 1 s after the initial attachment of
the sperm head to the egg’s surface. These data suggest that the
Ca2þ wave is initiated at the moment of sperm–egg fusion in this
species.
Supplementary material related to this paper can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.04.020.
We found that unfertilized Cytaeis eggs contain a phosphory-
lated form of ERK-like MAPK with a molecular mass of 43 kDa
(Fig. 2D). Phosphorylated MAPK was still present in Cytaeis eggs at
2 min post-fertilization, but abruptly disappeared within the next
1 min, whereas α-tubulin was constantly detected in the same
samples, even after fertilization (Fig. 2E). These data indicate that
MAPK is rapidly dephosphorylated in fertilized Cytaeis eggs within
this narrow time frame.
Polyspermic fertilization by inhibition of Ca2þ rise
The fact that the Ca2þ wave is initiated concomitantly with
sperm–egg fusion led us to test whether the Ca2þ rise is necessary
for rejection of additional sperm. To verify this hypothesis, we
injected Ca2þ chelators into Cytaeis eggs prior to insemination.
Preliminary experiments conﬁrmed that Cytaeis eggs injected with
EGTA at a pipette concentration of 410 mM become polyspermic
following insemination, whereas eggs injected at 440 mM appear
damaged and fail to accept sperm (data not shown). We also
attempted to use another Ca2þ chelator, BAPTA; however, Cytaeis
eggs injected with 410 mM BAPTA looked unhealthy and could
not be fertilized following insemination (data not shown). Thus,
EGTA at 30 mM in pipettes (estimated intracellular concentration:
0.6–0.75 mM) was selected for the following experiments.
In eggs injected with EGTA, repeated sperm–egg fusions
occurred at the animal pole (see Movie 7), and many fused sperm
nuclei gathered around a female pronucleus within a few minutes
of insemination (Fig. 3A). The rate of polyspermy was 95% in
EGTA-injected eggs, but negligible in control eggs injected with
PAH buffer alone (Fig. 3B). In EGTA-injected eggs, both the Ca2þ
rise and MAPK dephosphorylation were prevented following
insemination, even in the presence of fused sperm (Fig. 3C
and D). In addition, downregulation of sperm attraction and
progression of the cell cycle to S-phase were both inhibited under
these conditions (Figs. S1B and S2C). In contrast, 10-min exposure
of Cytaeis eggs to the Zn2þ chelator TPEN (up to 1 mM) or the
Cu2þ chelators DDC (200 μM) and TETD (100 μM) failed to induce
polyspermy (data not shown). These results collectively suggest
that EGTA targets Ca2þ , not other cations such as Zn2þ and Cu2þ ,
and that the Ca2þ rise is necessary for the polyspermy block and
other fertilization-associated events.
Supplementary material related to this paper can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.04.020.
Lowering the external Naþ concentration, which causes poly-
spermy in other animal species (see Introduction), allowed Cytaeis
eggs to generate a normal Ca2þ rise (Fig. S3A) and undergo
monospermic fertilization (Fig. S3B). Thus, Naþ inﬂux seems
unlikely to be required for a polyspermy block in this species.
Prevention of sperm–egg fusion by artiﬁcially induced Ca2þ rises
We next investigated whether an intracellular Ca2þ rise was
sufﬁcient to prevent sperm–egg fusion in Cytaeis eggs. We ﬁrst
stimulated unfertilized eggs using an endogenous Ca2þ-release
activator, IP3 (Deguchi et al., 2005). Injection of 50 μM IP3 into eggs
(estimated intracellular concentration: 1–1.25 μM) caused a short-
lived Ca2þ spike (Fig. 4A), which was initiated by rapid spread of a
Ca2þ wave from the injection site (Deguchi et al., 2005). When IP3-
injected eggs were inseminated at 10 s after injection, none were
capable of accepting sperm (Fig. 4B). In contrast, monospermic
fertilization took place in more than 60% of control eggs injected
with PAH buffer alone (Fig. 4B). In the remaining control eggs that
failed to accept sperm, a Ca2þ rise may have been induced by the
injection, since these eggs resulted in pseudocleavage, which is a
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sign of Ca2þ-induced activation in jellyﬁsh eggs (Freeman and
Ridgway, 1993; Kondoh et al., 2006). Similar results were obtained
when insemination was performed at 3 min after injection of IP3/
PAH buffer (Fig. 4C).
To generate a Ca2þ rise in an alternate manner, we then tested
KCl, which is known to trigger an external Ca2þ inﬂux through
voltage-gated Ca2þ channels in oocytes or eggs of several animals
(e.g., Deguchi et al., 1996; Nakano et al., 2008). Addition of KCl to
Cytaeis eggs induced an essentially synchronous cortical ﬂash
resulting in a global Ca2þ rise; its effect was enhanced by
simultaneous addition of CaCl2 (Fig. 5A). In contrast, KCl treatment
did not produce a Ca2þ rise in eggs in Ca2þ-free seawater (data
not shown). Nifedipine, a blocker of voltage-gated Ca2þ channels,
completely inhibited a KCl/CaCl2-induced Ca2þ rise, whereas the
drug had no effect on a sperm-induced Ca2þ rise (Fig. 5B). Thus, it
is likely that Cytaeis eggs possess a voltage-sensitive Ca2þ inﬂux
mechanism, although it may not function at fertilization. As
expected, most eggs pretreated with KCl/CaCl2 for 10 s or 3 min
and then inseminated could not accept sperm (Fig. 5C and D).
Furthermore, the inhibitory effect of pretreatment with KCl/CaCl2
was canceled by co-incubation with nifedipine, resulting in
monospermic fertilization after insemination (Fig. S4).
Following IP3 injection or KCl/CaCl2 treatment, MAPK depho-
sphorylation was completed within 3 min (Fig. S5A and B), similar
to the pattern observed in fertilized eggs. Downregulation of
sperm attraction (Fig. S1C) and DNA synthesis (Fig. S2B) were also
induced under these conditions. During and after these events,
eggs artiﬁcially activated by IP3 or KCl/CaCl2 failed to accept sperm
even if inseminated with a higher sperm concentration
(2106 sperm/mL) (data not shown). These results indicate that
artiﬁcially induced Ca2þ rises are sufﬁcient to prevent sperm–egg
fusion and to mimic other fertilization-associated events.
Periodic sperm–egg fusions by maintenance of phosphorylated MAPK
The results described above demonstrate that MAPK depho-
sphorylation invariably follows a Ca2þ rise in fertilized or artiﬁ-
cially stimulated eggs. We sought to determine whether sperm–
egg fusion is affected by the phosphorylation state of MAPK. A GST
fusion protein of sfMos, which can maintain phosphorylated MAPK
in oocytes or eggs of other species (Kondoh et al., 2006; Sensui
et al., 2012), could not be used for Cytaeis eggs because it proved
unexpectedly toxic. Instead, we injected sfMos mRNA at 230 μg/mL
into Cytaeis eggs (estimated intracellular concentration: 4–6 μg/
mL) and conﬁrmed the expression of the exogenous sfMos protein
using western blot analysis with an antibody against this protein
(Fig. 6A). As expected, injection of sfMos mRNA preserved phos-
phorylated MAPK even after fertilization (Fig. 6B), and prevented
other fertilization-associated events, including downregulation of
sperm attraction (Fig. S1B) and progression of the cell cycle to
S-phase (Fig. S2C). In contrast, a lower concentration of sfMos
mRNA (23 μg/mL in pipettes; 0.4–0.6 μg/mL in eggs) was
Fig. 2. Ca2þ rise and MAPK dephosphorylation at normal fertilization. (A) Spatial pattern of Ca2þ rise, immediately following fertilization (representative of eight
recordings). Fluorescence images of Fluo-4-injected eggs after insemination were acquired every 2 s, normalized by dividing them by the resting image just before the Ca2þ
rise in a pixel-to-pixel manner, and expressed as pseudocolor images. A Ca2þ rise was initiated from the animal pole (arrowhead) and propagated toward the antipode. Bar,
100 μm. (B) Temporal pattern of Ca2þ rise at fertilization (representative of eight recordings). Relative ﬂuorescence intensities (F/F0) were calculated in the whole egg
(circular area of two-thirds of egg diameter). (C) Simultaneous recordings of DIC and ﬂuorescence images of Fluo-8H-injected eggs at the animal pole (representative of 10
recordings). A Ca2þ rise (green) can ﬁrst be detected at 0.2 s around the sperm head (arrowhead). Bar, 10 μm. (D) Western blot analysis using antibodies against
phosphorylated MAPK (pMAPK) and α-tubulin (ﬁve eggs/lane; representative of three experiments). (E) Time course of MAPK dephosphorylation after fertilization (three
eggs/lane; representative of ﬁve experiments). Phosphorylated MAPK abruptly disappeared in the period between 2 and 3 min post-fertilization.
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insufﬁcient to maintain phosphorylated MAPK in fertilized
eggs, leading to decreased sperm attraction (data not shown).
Thus, sfMos mRNA at 230 μg/mL in pipettes was selected for the
following experiments.
Eggs injected with sfMos mRNA, similar to DW-injected control
eggs, accepted a single sperm shortly after insemination and
then remained monospermic for at least 10 min. Despite contin-
ued sperm attraction, sperm arriving at the animal pole of the
Fig. 3. Induction of polyspermy by chelating Ca2þ with EGTA. (A) EGTA-injected egg resulting in polyspermy. The DIC and ﬂuorescence images show that many fused sperm
nuclei (arrowheads) are situated at the animal pole of the egg. The insets show the magniﬁed images of the animal pole. Bar, 50 μm. (B) The number of sperm fused per egg
in EGTA-injected and control groups. EGTA- or PAH buffer-injected eggs were inseminated and examined for fused sperm nuclei using Hoechst dye transfer assays. Results
show means7s.d. of three separate experiments (10–18 eggs in each experiment). An asterisk indicates a signiﬁcant difference (Po0.01, in an unpaired Student’s t-test) in
the rate of monospermy between the two groups. (C) Temporal pattern of Ca2þ changes in an EGTA-injected egg at fertilization (representative of ﬁve recordings).
No obvious Ca2þ change was observed, in spite of multiple sperm–egg fusions. (D) Inhibition of MAPK dephosphorylation in EGTA-injected eggs (ﬁve eggs/lane;
representative of two experiments). EGTA-injected eggs with or without insemination were sampled at 30 min for western blot analysis.
Fig. 4. IP3-induced Ca2þ release and prevention of sperm–egg fusion. (A) Temporal pattern of IP3-induced Ca2þ rise (representative of ﬁve recordings). A Ca2þ rise was
initiated immediately following injection of IP3 (arrow) and terminated within 1 min. (B and C) The number of sperm fused per egg in IP3-injected and control groups. Eggs
were injected with IP3 or PAH buffer, inseminated 10 s (B) or 3 min later (C), and subjected to Hoechst dye transfer assays. Results show means7s.d. of three separate
experiments (3–9 eggs in each experiment). Each asterisk indicates a signiﬁcant difference (Po0.01, in an unpaired Student’s t-test) in the rate of monospermy between the
two groups.
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sfMos-expressing eggs could not adhere to or fuse with the eggs
during this period. However, the number of sperm adhering to
these eggs gradually increased, until a second sperm–egg fusion
took place at 15–20 min after the ﬁrst sperm–egg fusion (Fig. 6C).
In some eggs, a third sperm–egg fusion occurred after an addi-
tional 20 min (Fig. 6C). Owing to the periodic sperm–egg
fusions, 80% of the sfMos-expressing eggs became polyspermic
during an incubation period of 60 min (Fig. 6D). Consistent with
these results, Ca2þ recordings revealed that most sfMos-
expressing eggs exhibited two or three successive Ca2þ rises,
corresponding to the number of fused sperm nuclei (Fig. 6E). The
peak height and duration of each Ca2þ rise did not differ
substantially between sfMos-expressing and intact eggs, suggest-
ing that the Ca2þ response itself is unaffected, even in the
presence of sfMos.
We next examined the inﬂuence of a shorter Ca2þ rise on the
subsequent sperm–egg fusion in sfMos-expressing eggs. sfMos-
expressing eggs in which a Ca2þ spike had been evoked by
injection of IP3 could not be fertilized initially, but succeeded in
sperm–egg fusion after an interval of 15 min (Fig. 6C). Similarly,
when sfMos-expressing eggs were injected with EGTA within
2 min of the ﬁrst sperm–egg fusion, to prematurely terminate
the Ca2þ rise, they also remained monospermic during an initial
period of 10–15 min. Subsequent adhesion of sperm to the egg’s
animal pole was followed by continuous sperm–egg fusions,
yielding heavily polyspermic eggs (Fig. 7A and B). In contrast, in
sfMos-expressing eggs injected with PAH buffer instead of EGTA,
only the second sperm–egg fusion occurred, following a lag time
of 20 min (Fig. 7A and B). These data strongly suggest that MAPK
dephosphorylation is necessary to produce a permanent polyspermy
block, independent of a fast block mediated by a Ca2þ rise. In addition,
the inhibitory effect of a Ca2þ rise on sperm–egg fusion may be
maintained for at least 10 min, even after termination.
Inhibition of sperm–egg fusion by MAPK dephosphorylation
We next examined whether MAPK dephosphorylation was
sufﬁcient to prevent sperm–egg fusion in experiments using
MEK inhibitors. As observed in Cladonema (Kondoh et al., 2006),
the addition of 50 μM U0126 to unfertilized Cytaeis eggs resulted
in gradual MAPK dephosphorylation over 30 min, during which
period phosphorylated MAPK was barely detectable up to 20 min,
and no longer observable at 30 min (Fig. 8A). No obvious Ca2þ
change was observed during the U0126 treatment (Fig. 8B). As
expected, downregulation of sperm attraction and progression of
the cell cycle to S-phase were induced in U0126-treated eggs (Figs.
S1C and S2B), but not in DMSO-treated control eggs (Figs. S1C and
S2C) in which MAPK dephosphorylation was not triggered
(Fig. 8A).
When unfertilized eggs were preincubated with U0126 for
20 min, washed with fresh FSW, and then inseminated, the rate
of sperm–egg fusion decreased to 20% (Fig. 8C). U0126 treat-
ment for 30 min no longer allowed sperm–egg fusion (Fig. 8D).
Although fertilization rates in DMSO-treated eggs also decreased
with time, reﬂecting the relatively short-lived fertilization window
of jellyﬁsh eggs (Deguchi et al., 2005), 80% and 60% of the eggs
still underwent monospermic fertilization after 20 min and
30 min, respectively (Fig. 8C and D). Similar results were obtained
Fig. 5. Prevention of sperm–egg fusion by KCl-induced Ca2þ inﬂux. (A) Ca2þ dynamics in a KCl-stimulated egg (representative of ﬁve recordings). Addition of KCl/CaCl2 at
1.5 s immediately induced a global Ca2þ rise initiated by a cortical ﬂash. Bar, 100 μm. (B) Effect of nifedipine on a KCl/CaCl2- or sperm-induced Ca2þ rise (representative data
from four recordings). Preincubation with nifedipine for 10 min suppressed a KCl/CaCl2-induced Ca2þ rise but not a sperm-induced one. (C and D) The number of sperm
fused per egg in KCl/CaCl2-stimulated and control groups. Eggs were exposed to KCl/CaCl2 or incubated in FSW for 10 s (C) or 3 min (D), transferred to fresh FSW for
insemination, and examined using Hoechst dye transfer assays. Results show means7s.d. of three separate experiments (7–15 eggs in each experiment). Each asterisk
indicates a signiﬁcant difference (Po0.01, in an unpaired Student’s t-test) in the rate of monospermy between the two groups.
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when an alternate MEK inhibitor, PD184352, was applied at 50 μM,
although a longer incubation period (60 min) was required for
completion of MAPK dephosphorylation and the prevention of
sperm–egg fusion (Fig. S6). It should be noted that the prevention
of sperm–egg fusion in U0126- or PD184352-treated eggs cannot
be attributed solely to the downregulation of sperm attraction,
Fig. 6. Successive sperm–egg fusions by maintaining phosphorylated MAPK with sfMos. (A) Expression of sfMos protein (nine eggs/lane; representative of two experiments).
Eggs injected with or without sfMos mRNA were sampled 20 min later and subjected to western blot analysis using antibodies against sfMos and α-tubulin. (B) Maintenance
of phosphorylated MAPK in sfMos-expressing eggs after fertilization (three eggs/lane; representative of ﬁve experiments). Eggs injected with sfMos mRNA or DW were
inseminated and collected at 30 min after fertilization for western blot analysis using antibodies against phosphorylated MAPK and α-tubulin. (C) Intervals required for
sperm–egg fusions. Eggs injected with sfMos mRNA or DW were inseminated or injected with 50 μM IP3, and the time intervals between insemination/IP3 injection and the
ﬁrst, the ﬁrst and second, and the second and third sperm–egg fusions were determined using Hoechst dye transfer assays, which continued for up to 60 min. Results show
means7s.d. of nine separate experiments. (D) The number of sperm fused per egg in sfMos-expressing and control groups. Eggs injected with sfMos mRNA or DW were
inseminated and observed for fused sperm nuclei 60 min later. Results show means7s.d. of three separate experiments (8–12 eggs in each experiment). An asterisk
indicates a signiﬁcant difference (Po0.01, in an unpaired Student’s t-test) in the rate of monospermy. (E) Two successive Ca2þ rises in a sfMos-expressing egg after
insemination (representative of seven recordings). Two fused sperm nuclei were detected in the egg following the Ca2þ recording.
Fig. 7. Effect of EGTA injection into sfMos-injected fertilized eggs. (A) Time interval between the ﬁrst and second sperm–egg fusions. Eggs injected with sfMos mRNA were
inseminated and further injected with EGTA or PAH buffer within 2 min of the ﬁrst sperm–egg fusion. Results show means7s.d. of four separate experiments. (B) The
number of sperm fused per egg. The second sperm–egg fusion was immediately followed by consecutive multiple sperm–egg fusions in the sfMos-expressing eggs injected
with EGTA but not with PAH buffer. Results show means7s.d. of three separate experiments (2–5 eggs in each experiment).
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because insemination with a higher sperm concentration
(2106 sperm/mL) produced the same result, despite the arrival
of a considerable amount of sperm at the eggs’ animal poles.
We found that a combination of EGTA injection and U0126
treatment also triggered MAPK dephosphorylation in Cytaeis eggs
(Fig. S7A). Under these conditions, prevention of sperm–egg fusion
(Fig. S7B) and downregulation of sperm attraction (data not
shown) were induced, but progression to S-phase was not accom-
plished (Fig. S2C). These data collectively indicate that MAPK
dephosphorylation can prevent sperm–egg fusion and downregu-
late sperm attraction even in the complete absence of a Ca2þ rise,
although progression to S-phase may require further Ca2þ-
dependent steps.
Recovery of sperm attraction but not sperm–egg fusion after MAPK
rephosphorylation
Based on the ﬁnding that MAPK dephosphorylation is respon-
sible for the prevention of sperm–egg fusion and downregulation
of sperm attraction, we tested the effect of MAPK rephosphoryla-
tion in eggs in which MAPK had been dephosphorylated. We
injected sfMos mRNA into fertilized eggs 5–10 min after the ﬁrst
sperm–egg fusion, when MAPK had already been dephosphory-
lated (see Fig. 2E). Under these conditions, as expected, MAPK was
rephosphorylated following injection of sfMos mRNA, whereas
MAPK remained dephosphorylated in controls injected with DW
alone (Fig. 9A).
In accordance with their MAPK status, fertilized eggs injected
with sfMos mRNA, but not those injected with DW alone, regained
the ability to attract sperm (Fig. 9B and C). However, MAPK
rephosphorylation did not recover the capacity for sperm–egg
fusion (Fig. 9B). Cell cycle progression to S-phase was prevented in
all eggs injected with sfMos mRNA at 5 min after fertilization (0/16
eggs entered S-phase; see Fig. S2C), whereas the same operation at
10 min post-fertilization was no longer effective in most cases (12/
18 eggs entered S-phase; see Fig. S2B). These results suggest that
the ability of sperm–egg fusion is irreversibly lost with MAPK
dephosphorylation, independent of events such as sperm attrac-
tion and progression to S-phase.
Discussion
Fast block to sperm–egg fusion by Ca2þ rise
Although previous studies have shown that application of the
calcium ionophore A23187 precludes sperm–egg fusion in jellyﬁsh
eggs (Freeman and Miller, 1982; Freeman and Ridgway, 1993),
the precise role of Ca2þ in sperm–egg fusion remains unclear.
Our present study demonstrated that suppression of a Ca2þ rise at
fertilization by injection of EGTA resulted in polyspermy in Cytaeis
eggs. Conversely, injection of IP3 and application of KCl, which
induce a Ca2þ rise in eggs through different mechanisms, rapidly
abolished eggs’ ability to accept sperm. These data strongly
suggest that a Ca2þ rise is a necessary and sufﬁcient signal to
inhibit sperm–egg fusion in jellyﬁsh eggs.
Electron microscopy analysis of the fertilization process in the
jellyﬁsh Cladonema has demonstrated that the apical region of the
sperm head fuses with the animal pole of the egg and that the
sperm head then rotates to lie parallel to the egg’s surface during
incorporation (Yamashita, 1987). In contrast, in the freshwater
hydrozoan Hydra, membrane fusion is initiated at the lateral part
of the sperm head (Honegger, 1983). In either case, positioning of
the sperm head parallel to the egg’s surface may be the ﬁrst
detectable sign of sperm–egg fusion. Our video imaging and
nuclear staining analyses conﬁrmed a similar process of sperm–
egg fusion in Cytaeis. Furthermore, here we show that a wave-like
Ca2þ rise in Cytaeis eggs is initiated from the site of sperm–egg
fusion simultaneous with this event, in striking contrast to the
latent period between sperm–egg fusion and initiation of a Ca2þ
wave (from a few seconds to several minutes) that has been
observed in various animals (Whitaker et al., 1989; Créton and
Fig. 8. U0126-induced MAPK dephosphorylation and prevention of sperm–egg fusion (A) MAPK dephosphorylation in U0126-treated eggs (three eggs/lane; representative of
four experiments). Eggs were treated with U0126 for the times indicated and sampled for western blot analysis. Control eggs treated with DMSO alone were collected at
30 min. (B) Temporal pattern of Ca2þ changes in a U0126-stimulated egg (representative of four recordings). No obvious Ca2þ rise was observed during the recording period
of 30 min. (C and D) The number of sperm fused per egg in U0126-treated and control groups. Eggs were incubated with U0126 or DMSO for 20 (C) or 30 min (D), transferred
to fresh FSW, and then inseminated to verify the presence or absence of sperm–egg fusion. Results show means7s.d. of six separate experiments (17–38 eggs in each
experiment). Each asterisk indicates a signiﬁcant difference (Po0.01, in an unpaired Student’s t-test) in the rate of monospermy.
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Jaffe, 1995; Lawrence et al., 1997; Ciapa and Chiri, 2000; Runft and
Jaffe, 2000). The immediate onset of a Ca2þ rise from the sperm–
egg fusion site, combined with our observation of Ca2þ-dependent
prevention of sperm–egg fusion, strongly suggests that the Ca2þ
rise at fertilization may function as a “fast polyspermy block” in
jellyﬁsh eggs (Fig. 10).
In the eggs of several species of marine animals, including sea
urchins, membrane depolarization caused by Naþ inﬂux from
seawater appears to be the main mechanism responsible for the
fast polyspermy block (Fig. 10), and lowering the concentration of
external Naþ to 50 mM is sufﬁcient to cause polyspermy (Gould-
Somero et al., 1979; Finkel and Wolf, 1980; Jaffe, 1980; Eckberg and
Anderson, 1985; Togo et al., 1995). In Cytaeis, however, insemina-
tion in low-Naþ seawater (containing 45 mM Naþ) permitted
monospermic fertilization and a normal Ca2þ rise. In addition, a
cortical ﬂash Ca2þ pattern, which frequently occurs as a result of
membrane depolarization (e.g., Stephano and Gould, 1997; Moccia
et al., 2006), was detected, not at fertilization, but following KCl
application in Cytaeis eggs. Fertilized eggs of the hydrozoa
Hydractinia are known to exhibit only a slight membrane depolar-
ization that does not contribute to an electrical polyspermy block
(Berg et al., 1986). These facts do not support the hypothesis that
the Ca2þ-induced ﬁrst polyspermy block in jellyﬁsh eggs is caused
by membrane depolarization, although we cannot rule out the
Fig. 9. Recovery of sperm attraction but not sperm–egg fusion after MAPK rephosphorylation. (A) MAPK rephosphorylation by sfMos expression after fertilization (three
eggs/lane; representative of four experiments). Fertilized eggs were injected with sfMos mRNA or DW at 5–10 min and sampled at 20 min post-fertilization for western blot
analysis using antibodies against phosphorylated MAPK and α-tubulin. (B and C) Rates of sperm attraction and sperm–egg fusion after injection of sfMos mRNA (B) or DW
(C) into fertilized eggs. Injection of sfMos mRNA or DW was performed at 5–10 min post-fertilization (time zero), and then sperm attraction and sperm–egg fusion were
assessed at the times indicated. The presence of sperm attraction was judged by 4150 motile sperm entering a proximal square zone (100 μm100 μm), which was set
40 μm distant from the target egg, during a period of 10 s (see also Fig. S1 in the Supplementary material). A total of 32 and 27 eggs from four females were used for B and C,
respectively.
Fig. 10. Model for polyspermy prevention mechanisms in jellyﬁsh eggs and comparisonwith other animals. A jellyﬁsh egg has no extracellular egg coat, and the site of sperm
adhesion/fusion is restricted to the plasma membrane of the animal pole. A sperm-triggered Ca2þ rise from the animal pole rapidly causes reversible modiﬁcation of the
putative receptor molecule(s) at the fertilization site to achieve a fast but transient polyspermy block. The subsequent MAPK dephosphorylation irreversibly abolishes the
receptor molecule(s), resulting in the establishment of a permanent polyspermy block. MAPK dephosphorylation is also responsible for the downregulation of sperm
attraction, which may contribute to a restricted number of sperm reaching the egg. In contrast to the situation in jellyﬁsh, eggs of other animals such as sea urchins, ﬁsh, and
mice achieve a permanent polyspermy block through modiﬁcation of the extracellular egg coat following Ca2þ-triggered cortical granule exocytosis. The plasma membrane
is also modiﬁed to prevent sperm–egg fusion in sea urchin eggs by transient depolarization (electrical block) and in mouse eggs by an unknown mechanism (non-electrical
block).
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possibility of Naþ-independent membrane potential changes,
which have been detected at fertilization of crab and lamprey
oocytes (Goudeau and Goudeau, 1989; Kobayashi et al., 1994).
As described above, an intracellular Ca2þ rise in fertilized eggs
is generally responsible for physical and chemical modiﬁcations of
the egg coat, such as the vitelline membrane, functioning as a late
polyspermy block (Fig. 10). However, such a structure is not
detectable in jellyﬁsh species either before or after fertilization,
even using an electron microscope (Yamashita, 1987). Thus, the
target of the Ca2þ rise must be the molecule(s) in the plasma
membrane, rather than the outer structure. A glycoprotein speci-
ﬁcally localized on the plasma membrane of the animal pole is a
candidate molecule for sperm adhesion/fusion in jellyﬁsh eggs
(Freeman, 1996), although it has not yet been characterized.
The Ca2þ rise only transiently suppressed sperm–egg fusion in
Cytaeis eggs, if Ca2þ-induced MAPK dephosphorylation was pre-
vented by injection of sfMos mRNA. In sfMos-expressing eggs, a
Ca2þ rise following the ﬁrst sperm–egg fusion suppressed the next
sperm–egg fusion, but permitted it after an interval of 15–20 min,
resulting in “moderate” polyspermy. Although a shorter Ca2þ rise
(by IP3 or “spermþEGTA”) hastened the next sperm–egg fusion
somewhat, a substantial time lag of 10–15 min was still present.
These ﬁndings raise the possibility that although a brief Ca2þ rise
is sufﬁcient to modify the molecule(s) responsible for sperm
adhesion/fusion, possibly through Ca2þ-dependent kinases
(Sanhueza et al., 2011; Jin et al., 2013) or proteases (Cassel and
Glaser, 1982), the molecule reversibly and gradually recovers its
original function after termination of the Ca2þ rise. Alternatively,
recovery of the molecule may be achieved in other ways, such as
MAPK-dependent signal transduction pathways (see below).
Late block to sperm–egg fusion by MAPK dephosphorylation
Our present study conﬁrmed Ca2þ-induced MAPK dephosphor-
ylation in Cytaeis eggs, similar to that reported in sea urchin and
other jellyﬁsh eggs (Carroll et al., 2000; Kumano et al., 2001;
Kondoh et al., 2006). In addition, our data provide the ﬁrst
evidence, to our knowledge, that MAPK dephosphorylation plays
an essential role in the prevention of sperm–egg fusion, indepen-
dent of Ca2þ since the maintenance of phosphorylated MAPK by
sfMos mRNA injection resulted in periodic sperm–egg fusions,
whereas induction of MAPK dephosphorylation by MEK inhibitors
prevented sperm–egg fusion without elevating Ca2þ levels. Given
that MAPK dephosphorylation occurs at 2–3 min in normally
fertilized eggs, the mechanism may be deﬁned as a “late poly-
spermy block” (Fig. 10).
We demonstrated that once the polyspermy block by MAPK
dephosphorylation is established, it is permanently maintained,
even if MAPK is reactivated by sfMos mRNA injection. It is possible
that the molecule(s) responsible for sperm adhesion/fusion are
irreversibly inactivated or degraded after MAPK dephosphoryla-
tion. Alternatively, its transport or anchoring to the animal pole
may be achieved in the presence of phosphorylated MAPK and
irreversibly abolished after MAPK dephosphorylation. Recent evi-
dence suggests that ERK-type MAPK increases the number of
receptor molecules through the acceleration of their expression,
as well as exocytosis in various cell types (Gilad et al., 2005; Oh et
al., 2010; Pattersona et al., 2010).
It has been shown that the sperm–egg fusion site in jellyﬁsh
eggs is determined during oocyte meiotic maturation and formed
only at the region where the ﬁrst and second polar bodies are
given off (Freeman, 1987) and microvilli are lost (Yamashita, 1987;
Noda and Kanai, 1981; Honegger, 1983). Recent evidence from
experiments conducted in jellyﬁsh (Amiel et al., 2009) and
other animals (Verlhac et al., 1996, 2000; Dumollard et al., 2011)
indicates that the proper spindle formation and positioning
required for polar body formation are also regulated by phos-
phorylated MAPK. Thus, MAPK may be a key factor in regulating
the timed formation and degradation of the sperm–egg fusion site
in jellyﬁsh eggs.
In contrast to the situation in jellyﬁsh, sperm–egg fusion occurs
in U0126-treated sea urchin eggs that have already entered S-
phase following MAPK dephosphorylation (Arakawa, unpublished
results). In bovine oocytes, MAPK dephosphorylation induced by
U0126 treatment results in polyspermy rather than prevention of
sperm–egg fusion (Tae et al., 2008). Furthermore, immature
oocytes arrested at the ﬁrst prophase, when phosphorylated MAPK
is absent or scarce, also accept sperm in a variety of animals other
than jellyﬁsh (Dale, 1985; Guerrier et al., 1986; Chiba et al., 1990;
Shibuya et al., 1992; Gould and Stephano, 1999; Kryzak et al.,
2013). It is therefore possible that MAPK-dependent sperm recep-
tion may be a unique feature of jellyﬁsh eggs. Nevertheless, we
believe that the timed appearance of the sperm–egg fusion site in
jellyﬁsh eggs through MAPK regulation may be a useful system for
identifying the molecules responsible for sperm reception and a
non-electrical plasma membrane block to polyspermy, which are
currently unknown in any animal species.
Other Ca2þ /MAPK-dependent events in jellyﬁsh eggs
As in sea urchins and starﬁsh (Tachibana et al., 1997; Carroll et
al., 2000; Zhang et al., 2005), phosphorylation of MAPK is thought
to be a prerequisite for the arrest of unfertilized jellyﬁsh eggs in G1
phase (Kondoh et al., 2006; Amiel et al., 2009). Indeed, progression
to S-phase in Cytaeis eggs was triggered by MAPK dephosphoryla-
tion by U0126 treatment, and conversely inhibited by the main-
tenance of phosphorylation of MAPK by sfMos expression. In the
presence of EGTA, however, U0126-treated eggs failed to enter the
S-phase, despite MAPK dephosphorylation. It is possible that, like
sea urchin eggs (Zhang et al., 2006), jellyﬁsh eggs also require
slightly elevated Ca2þ levels, in addition to MAPK dephosphoryla-
tion, to undergo full DNA replication. Recent evidence from
echinoderm eggs suggests that downstream molecules such as
Rsk (p90 ribosomal S6 kinase) (Mori et al., 2006; Hara et al., 2009;
Tachibana et al., 2010) and cyclin E/Cdk2 (Kisielewska et al., 2009)
are essential for the cell cycle regulation leading to S-phase.
It has been postulated that the sperm-attracting substances in
jellyﬁsh are peptides (Miller, 1985), and that they are produced by
the eggs themselves, rather than by outer structures, in most
species (Miller, 1978, 1979; Freeman and Miller, 1982; Freeman,
1987; Kondoh et al., 2006). Since homogenates of unfertilized and
fertilized eggs attract sperm equally in the jellyﬁsh Clytia languida
(Miura and Deguchi, unpublished results), downregulation of
sperm attraction following fertilization may derive from the
cessation of release rather than the degradation of sperm-
attracting substances. Our present study conﬁrmed that Cytaeis
eggs, like eggs of other jellyﬁsh species (Kondoh et al., 2006),
attract sperm in a phosphorylated MAPK-dependent manner.
Downregulation of sperm attraction in fertilized jellyﬁsh eggs
may play a cooperative role in producing the polyspermy block
(Fig. 10). Interestingly, sperm attraction but not sperm–egg fusion
recovered in the fertilized eggs following MAPK reactivation by
sfMos expression. In addition, the recovery of sperm attraction
occurred independently of progression to S-phase. It is, therefore,
likely that the three MAPK-associated events, sperm–egg fusion,
sperm attraction, and S-phase progression, may be regulated
by separate effectors. Future studies will be aimed at identify-
ing the mechanisms and molecules downstream of MAPK
dephosphorylation.
In summary, we observed two novel polyspermy prevention
mechanisms in the eggs of the jellyﬁsh Cytaeis: a fast but transient
block mediated by a Ca2þ rise and a late but permanent block
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dependent on MAPK dephosphorylation. Jellyﬁsh eggs utilize
Ca2þ/MAPK for additional functions, including regulation of sperm
attraction and cell cycle progression. This versatility may be
related to the multiple Mos genes carried by jellyﬁsh and other
related cnidarians (Amiel et al., 2009). It is possible that the
ancestors of metazoans originally possessed elaborate Ca2þ/
MAPK-dependent mechanisms, and that these mechanisms have
evolved in jellyﬁsh to ensure the success of fertilization.
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